This study investigates the characteristics of the holographic grating formed in polymer-ball-type polymer-dispersed-liquid crystal (PBT-PDLC) films, doped with a diazo dye (G206). A dye-doped PBT-PDLC sample was fabricated, and used to write a holographic grating. Experimental results indicated that the grating had memory of the polarization of the writing beams. This polarization memory effect was inerasable if the sample was heated to the isotropic phase, and then cooled down to room temperature. Based on these observations, we believe that the memory of the grating effect does not relate to the intrinsic memory in the transmission versus applied voltage curve of PBT-PDLC films, which is thermally erasable. Rather, the effect is due to a feature of the grating, resulting from the reorientation of the liquid crystals through their interaction with the photo-induced adsorption of the doped dyes on the surface of the polymer balls.
Introduction
Recording holographic gratings in films of inorganic 1) and organic materials [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] has received considerable attention recently. The latter includes polymers, 2, 3) liquid crystals (LCs), [4] [5] [6] [7] [8] [9] polymeric liquid crystals, 10, 11) and PDLCs. [12] [13] [14] [15] [16] [17] [18] [19] The use of PDLCs for recording both the transmissive [12] [13] [14] [15] [16] [17] [18] and reflective 19) holographic gratings is particularly interesting since the grating can be formed in a single-step process relatively fast. Although permanent, the formed grating can be electrically 12, 13, [17] [18] [19] and optically 16) switchable. PDLCs have also been reported for their potential use in displays 20) and other light control applications. 21) PDLCs exist the so-called LC-droplet-type 20) and the polymer-ball-type (PBT) PDLC 22) films. The former contains micro-sized LC droplets in a polymer matrix, and the latter involves polymer balls in the LC matrix. In addition to scattering light and appearing opaque in the off-state, they can be switched electrically into a transparent-state. These two types differ mainly in the intrinsic memory (hysteresis) effect in the transmission versus applied voltage curve. The memory is highly pronounced only in the PBT-PDLC films. It originates from the interaction at the boundary of polymer and LCs. 22) The organic materials mentioned above, doped with different sensitizing dyes, have also researched extensively to developing means of recording holographic gratings. Reference 23 reviews mechanisms for grating formations. Generally, a doping dye can result in photoalignment, photoisomerization or photorefractivity. However, some dyes (e.g. methyl red) can simultaneously induce several of these effects. One of these effects may dominate, however, depending on the experimental conditions. This study reports the results obtained from studying holographic gratings based on PBT-PDLC films doped with a diazo dye (G206). PBT-PDLC samples were first prepared using the photopolymerization-induced phase separation method (PIPS). Holographic gratings were then written on these samples. Experimental results indicated that the formed grating had memory of the polarization of the writ- * Author for correspondence. E-mail address: andyfuh@mail.ncku.edu.tw ing beams. Thus, we refer it the polarization memory effect. This polarization memory was inerasable when the sample was heated to the isotropic phase, and then cooled down to room temperature. Accordingly, we conclude that this polarization memory effect is not due to the intrinsic memory (hysteresis) of transmission versus applied voltage in the present PBT-PDLC film, which is erasable when the sample is heated above the nematic-isotropic transition temperature, and then cooled down. Rather, the polarization memory effect is due to the reorientation effect of liquid crystals through their interaction with the photo-induced adsorption of the doped dyes on the surface of polymer balls.
Experimental
The liquid crystal, monomer, crosslinking agent, coinitiator, photoinitiator and diazo dye used in our experiment were E7 (Merk), di-pentaerythritol pentaacrylate (DPPA; Polysciences), 1-vinyl-2-pyrrolidinone (NVP; Aldrich), N-phenylglycine (NPG; Aldrich), Rose Bengal (RB) and G206 24) (Nippon Kankoh-Shikiso Kenkyusho), respectively.
16) The mixing ratio of the above components was 50 wt% of E7, 41 wt% of DPPA, 8 wt% of NVP, 0.5 wt% of NPG, 0.7 wt% of RB, and 0.3 wt% of G206. The homogeneously mixed compounds were then sandwiched between two indium-tin-oxide (ITO) coated glass slides separated by a 38-µm-thick plastic spacer, to form a sample. The sample was polymerized over 60 min using a UV light with an intensity of ∼ 2.2 mW/cm 2 to form a PBT-PDLC film. Figure 1 shows the setup for the experiment. The two writing beams, E 1 and E 2 , derived from an Ar + laser (λ = 514.5 nm), intersected at an angle θ ∼ 1
• . They were unfocused, having a beam diameter of ∼ 3.5 mm, and an intensity of ∼ 2.2 W/cm 2 . Since they were coherent, an intensity interference pattern was created in the intersecting region. The sample was placed in this region. After the grating was formed, an un-polarized He-Ne probe laser (λ = 632.8 nm) was normally incident onto the sample through a polarizer.
The morphology of a UV cured PBT-PDLC film was also examined using scanning electron microscopy (SEM). Reference 13 describes the preparation of SEM samples. Figure 2 depicts the top-view SEM image of the PBT-PDLC sample doped with G206 cured with UV light with an intensity of ∼ 2.2 mW/cm 2 for ∼ 60 min. The figure clearly shows that polymer balls have been formed. Refernce 16 presents the absorption spectrum of G206 dissolved in a PDLC sample. Briefly, it exhibits a peak at λ ∼ 432 nm. The spectrum is relatively broad and covers the Ar + lasing at 514.5 nm (at which wavelength, the absorption is about a quarter of that at peak). However, the He-Ne laser (λ ∼ 632.8 nm) is not absorbed by G206.
Results and Discussion
After the grating had been written using s-polarized pump beams for 60 s, the diffraction patterns in Fig. 3 were obtained. Figures 3(a) and 3(b) were for a s-polarized and p-polarized probe beam, respectively. The diffraction of the grating is clearly polarization-dependent. Namely, the diffraction can be seen only when the probe beam has the same polarization as the pump beams. Figure 4 shows the grating image observed under an optical microscope with a polarizer placed in front of the sample. Figures 4(a) and 4(b) are the images of grating corresponding to the polarizer's being placed with its transmission axis parallel and perpendicular to the grating stripes direction, respectively. These images are consistent with the results in Figs. 3(a) 3(b)] can not be seen, indicating that the sample is at the scattering state both in high-and low-intensity regions of the interference pattern for the p-polarized probe beam. An experiment using a modified setup shown in Fig. 1 was performed to understand the mechanism that gives rise to the polarization memory effect of the grating shown in Figs. 3 and 4. The PDLC sample was illuminated by a single s-polarized Ar + laser with an intensity of ∼ 2.2 W/cm 2 for around 5 min. The variation of the transmission of the sample with respect to the polarization of the probe beam was then measured. Let φ be the polarization angle between the polarization of the probe beam and the direction of the stripes in the grating. Figure 5 presents the measurements. The transmission of an un-pumped sample is included for comparison. Figure 5 reveals that the transmission of the s-polarized pumped sample changes periodically with the angle, φ. It peaks at 0
• , 180
• , and 360
• , which angles correspond to the s-polarized probe beam. The transmission of an un-pumped sample, however, shows no change. We believe that the transmission of the s-polarized pumped sample changes periodically with the angle, φ, is caused by the adsorbed dyes. The photo-excited dyes diffused and then adsorbed loosely in a direction perpendicular to the polarization and the propagation directions of the pump beam (s-polarized). The adsorbed dyes then reoriented LC molecules. As a result, the s-polarized (p-polarized) probe beam "sees" the ordinary refractive index n o (the extraordinary index n e ) of the liquid crystal, which matches (mismatches) the index of the polymer n p . The pumped sample is, thus, partially transparent for the s-polarized probe beam, but is opaque (scattering state) for the p-polarized probe beam. The un-pumped sample is in scattering state for both s-and p-polarized probe beams. These findings indicate that the transmission of the sample in the high-intensity re- gions of the interference pattern (similar to the above pumped sample) is partially transparent for the s-polarized probe but opaque (scattering state) for the p-polarized probe beam, if the grating is written using s-polarized pump beams. The low-intensity regions, however, are opaque to both the s-and p-polarized probe beams. Thus, the sample is a grating (amplitude grating) for an s-polarized probe beam only. The observed grating features shown in Figs. 3 and 4 are, thus, reasonable.
The variation of the first-and zeroth-order diffraction efficiencies of the grating shown in Fig. 3 was also measured with respect to temperature. The result is shown in Fig. 6 . Since the sample is written using the s-polarized pump beams, it is a grating for an s-polarized probe beam only at temperatures below the nematic-isotropic transition T NI ∼ 59
• C as described above. For a comparison, similar measurements for a p-polarized probe beam are given in the insert of Fig. 6 . Above 59
• C, both of the s-and p-polarized probe beams are diffracted approximately equally. The diffraction at temperatures above T NI is believed to be due to a density grating. The details of this density-grating characteristics and its application are reported elsewhere. 25) Briefly, the density grating results from the secondary photo-polymerization of monomers remaining in the PBT-PDLC system. The two writing beams E 1 and E 2 set up a sinusoidal interference light pattern. A spatial monomer concentration pattern occurs across the films as the secondary polymerization is preferentially initiated in the high-intensity regions. Consequently, monomer molecules diffuse toward the high-intensity regions. The molecular weight of polymers in the high-intensity regions is higher than that of polymers in low-intensity regions, because of cross-linking. Therefore, the intensity interference pattern produces a refractive index grating called a density grating, associated with the spatially varying molecular weight of the polymer molecules.
26) The density grating is hidden in the sample at the scattering state. Once the temperature exceeds T NI , the LCs become isotropic, and the density grating appears. When the temperature is cooled down back to room temperature, both the first-and zeroth-order diffraction curves (Fig. 6 ) retrace almost their steps. It means that the grating is inerasable. Thus, we conclude that this polarization memory effect is not due to the intrinsic memory effect of transmis-sion versus applied voltage in the present PBT-PDLC film, which is erasable when the sample is heated to the isotropic phase, and then cooled down (The measured electro-optical characteristics of the present PBT-PDLC film are not shown). Rather, it is formed due to reorientation effect of the liquid crystals through their interaction with the photo-induced adsorption of the doped dyes on the surface of the polymer balls. The variations of the first-and zeroth-order diffracted efficiencies at temperature from 45
• C to 60
• C shown in Fig. 6 are due to the change of the refractive indices of LCs and polymer with temperature.
In conclusion, this study has demonstrated that a holographic grating can be written on a cured PBT-PDLC film doped with a diazo dye. The formed grating is polarizationdependent, and diffracts a probe beam with the same polarization as the writing beams. This polarization memory effect is thermally inerasable. Thus, it is not due to the intrinsic memory of transmission versus applied voltage in the present PBT-PDLC system, which is erasable when the sample is heated above the nematic-isotropic transition temperature, and then cooled down. Rather, the polarization memory effect discussed here is due to the photoalignment of the adsorbed dyes on the polymer balls. The lifetime of the memory effect is very long. No significant aging effect is observed for a one-year old sample.
